ABSTRACT
Introduction
the investigations of fungal ability to remove aromatic pollutants from wastewaters are an important step for improving and developing new environmental technologies.
the degradation potential of Aspergillus awamori and Trametes versicolor toward phenol, phenol derivatives and their mixtures was analyzed in our previous investigations (7, 8, 9) . it was obtained that the removal or degradation of one or all components could be slowed down and/or stopped depending on the composition of the studied mixture. this fact together with the mixed chemical nature of industrial wastewaters makes the investigations on the microbial degradation of composite substrates of great importance.
the objective evaluation of interactions between chemical compounds and their influence on microbial growth is very important for understanding the simultaneous metabolism of phenolic mixtures. the creation of appropriate mathematical models for these biochemical processes can be essential for quantification and estimation of interactions between the substrate components influencing the growth and degradation behavior of microorganisms.
Most mathematical models reported in the literature have been developed to describe only one substrate biodegradation. A few mathematical models of mixed homologous substrate consumption and microbial growth have been proposed. it has been found that a competitive inhibition model could be used to predict the co-metabolic growth rate of Pseudomonas species on mixed toxic substrates (2) . the exponential inhibition model gives the best fit for a Flavobacterium's species co-metabolizing pentachlorophenol, dichlorophenol and trichlorophenol (3) . Based on experimental results with Pseudomonas putida strain growing on 2-chlorophenol, 4-chlorophenol and phenol, separately or in a mixture, mathematical models have been created to describe different inhibition and toxic effects on the cells and their degradation capacities (4) . they have demonstrated that the simple models do not accurately predict the outcome of these biodegradation experiments. the created new SKiP model (the sum kinetics with interaction parameters) for substrate mixture degradation describes the microbial development much better.
in this study, the degradation kinetics of phenol and p-cresol mixtures by two fungal strains (Aspergillus awamori nRRl 3112 and Trametes versicolor 1) was characterized and the parameters of the mathematical models were compared.
Materials and Methods
the microorganisms were grown on slants on a medium of the following composition: malt extract 3.0 g/dm 3 , yeast extract 3.0 g/l, peptone 5.0 g/l, glucose 10 g/l and agar 20 g/l. the organism on the slants was allowed to grow for 72 h at 30 °c and then stored at 4 °c.
Biodegradation was conducted on carbon-free czapekDox medium containing appropriate concentrations of cresol (0.2 g/l) and phenol(0.3 g/l), as single or mixed carbon and energy sources.
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The flasks containing 50 ml of inoculated culture medium were agitated on a new Brunswick rotary shaker (240 rpm) at 28 °c. Samples were taken at 24 h intervals and cells were pelleted by centrigugation at 5000 rpm for 20 min. the dry weight of the cells was determined by an UltRA X apparatus for drying (8) . the content of phenols in the supernatant was determined by hPlc analyses performed in a c 18 10 μm Bondapac column (3.9 mm × 300 mm) and Waters 484 UV detector (260 nm). the mobile phase was methanol-water (70:30), flow rate 0.2 mL/min and 22 °C (7) .
the experiments to determine the biodegradation capacity of the investigated strain were performed in triplicate and the data shown in the corresponding figures and tables in the text are mean values. All chemicals were of the highest purity grade available (Fluka AG, Sigma-Aldrich and Merck).
Results and Discussion
the studied strains of Aspergillus awamori nRRl 3112 and Trametes versicolor 1 were cultured in culture media containing phenol, p-cresol and a mixture of them as single carbon sources. Both strains were able to utilize both examined compounds. the results showed that strain Trametes versicolor 1 degraded p-cresol much faster than the strain Aspergillus awamori nRRl 3112.
in the single substrate (phenol or p-cresol) cultivations, the growth kinetics of both Aspergillus awamori and Trametes versicolor was described by the haldane model as follows:
where X is biomass concentration (dry biomass); S is substrate concentration; k is metabolic coefficient (S/X); µ(S) is specific growth rate; µ max is maximum specific growth rate; k S is saturation constant; k i is inhibition constant. the unknown model parameters were estimated using the mathematical optimization procedure for direct search. it is well known that the nonlinear optimization procedure is strongly sensitive to the initial values and the variation intervals of the model parameters. For this reason, the search for the optimal values of the kinetic constants was constrained within the boundaries predetermined on the basis of the process knowledge and experimental data. The coefficients of correlations R 2 were found to be more than 0.98, which indicated that the model results agreed with the experimental data very well. the biodegradation model parameters for Aspergillus awamori nRRl 3112 and Trametes versicolor 1 cultivated in a medium supplemented with 0.3 g/l phenol or 0.2 g/l p-cresol as a single carbon source are given in Table 1 . the experimental data and model simulations for biodegradation of phenol and p-cresol for each of the investigated strains are presented in Fig. 1. and Fig. 2., respectively. the binary mixture effect of phenol and p-cresol on the growth behavior and degradation capacity of the strains was studied as well. the experiments on the degradation of the mixture of phenol and p-cresol by mycelia mass of Aspergillus awamori showed complete degradation of both components. p-cresol (0.2 g/l) was degraded for 192 h, and 0.3 g/l phenol was degraded for 120 h to 144 h. in the experiments on the degradation of the mixture of phenol and p-cresol by Trametes versicolor we also observed complete utilization of both compounds, but in a significantly shorter time: 0.2 g/L p-cresol for 48 h and 0.3 g/l phenol for 96 h.
Kinetic models describing the biodegradation dynamics and mutual influence of both mixed (phenol and p-cresol) compounds were developed.
the effect of the mixture of phenol and p-cresol on the strain growth was expressed by SKiP models. SKiP models (Sum kinetics with interaction parameters) describe the mixture degradation kinetics and mutual substrate influence (1, 5, 6) . in SKiP models, the effect of the presence of one substrate S 1 on the degradation of another substrate S 2 is given by the interaction parameter I 1/2 . larger values of the interaction coefficient correspond to a stronger inhibition effect.
in this study, the SKiP model describing the biodegradation of a binary mixture of phenol and p-cresol by each of the two strains was described as follows:
where X is biomass concentration; S Ph is phenol concentration; S p-Cr is p-cresol concentration; k Ph is metabolic coefficient (S Ph /X); k p-Cr is metabolic coefficient (S p-Cr /X); µ(S Ph , S p-Cr ) is specific growth rate for mixed substrates, which is given by the formula:
The following specific growth rates for Trametes versicolor 1 in mixed medium containing both substrates (phenol and p-cresol) were selected: The parametric identifications of the proposed SKIP models for both strains were carried out. the evaluated parameters are given in Table 2 . the experimental data and SKiP model simulations for biodegradation of the mixture of phenol and p-cresol (concentrations of phenol S(0) = 0.3 g/l and p-cresol at S(0) = 0.2 g/l) by Aspergillus awamori nRRl 3112 and Trametes versicolor 1 are shown in Fig. 3 .
Conclusions
SKiP models were proposed to describe the biodegradation of a mixture of phenol and p-cresol by Aspergillus awamori nRRl 3112 and Trametes versicolor 1. the developed models are adequate and can be used for evaluation of substrate components interactions and their effects on the growth and degradation capacity of investigated strains.
in the experiments on biodegradation of the phenol and p-cresol mixture by both strains we observed complete carbon utilization. The influence of the mixed substrate on the growth of the microbial cultures was studied. A positive influence of phenol on the degradation of cresol by Aspergillus awamori nRRl 3112 and Trametes versicolor 1 was observed. SKiP models expressing the total kinetics of the degradation of a mixture of phenol and p-cresol in Aspergillus awamori nRRl 3112 and Trametes versicolor 1 demonstrated the specificity of the interactions between both these compounds during the studied process. the obtained values for the interaction coefficients (Iph/cr and Icr/ph) in the model corresponded to the influence exerted by the each of the mixed investigated compounds on the development and degradation capacities of both fungal strains.
The investigations on the specificity of the interaction between different compounds during the process of biodegradation are useful for the invention of effective environmentally-friendly technologies for removing aromatic pollutants from industrial wastewaters.
